This article appeared in a journal published by Elsevier. The attached copy is furnished to the author for internal non-commercial research and education use, including for instruction at the authors institution and sharing with colleagues.
Introduction
It is estimated that a lot more than 10% of the worldwide population lives within potential exposure range of some active or historically active volcano, either erupting or in a post-eruption phase. Despite all the hazards associated with the activity of volcanoes, the richness of the soils in nutrients increasingly attracts people to live on or in the vicinity of active volcanoes, as it happens, in the Azores and Hawaii archipelagos, oceanic islands of hotspot volcanism (Amaral and Rodrigues, 2011; Hansell et al., 2006) . Present-day volcanic activity in the Azores archipelago is marked by several hydrothermal manifestations consisting of active fumarolic fields, thermal and cold CO 2 springs and soil diffuse degassing areas (Baxter et al., 1999; Viveiros et al., 2008 Viveiros et al., , 2009 ). According to these authors one of the major soil diffuse degassing areas of the archipelago extends below Furnas village. Soil diffuse degassing areas are potentially one of the main hazardous zones to humans, as gases and aerosols are continuously released (not only during the eruptive unrest, but also in quiescent phases of the volcanoes) and can rise below edifices without being noticed by the population (Viveiros et al., 2009 ). Among such gases, the following are highlighted for Furnas soil diffuse degassing areas and fumarolic discharges: carbon dioxide (CO 2 ), hydrogen sulfide (H 2 S), sulfur dioxide (SO 2 ), hydrogen chloride (HCl), hydrogen fluoride (HF), and, the radioactive gas radon (Rn) (Ferreira et al., 2005; Viveiros et al., 2009) . Carbon dioxide is the most important material released by soil degassing in Furnas (hydrothermal soil CO 2 emissions in Furnas volcano are estimated to be~968 t d −1 ), and if present at high concentrations can become particularly dangerous for public health, since it prevents oxygen respiration (Viveiros et al., 2009 (Viveiros et al., , 2010 , with asphyxia occurring at a concentration around 10 vol.% (Durand, 2006) . Hydrogen sulfide is a colorless, flammable and noxious asphyxiant gas, having the distinctive odor of rotten eggs recognizable at concentration up to 30 ppm; at low concentrations (up to 50 ppm) it can cause irritation of the conjunctivae and depressive states, whereas when at high concentrations it can irritate the upper respiratory tract, causing pharyngitis and bronchitis, and in the lungs, especially as a result of long-term exposures, it promotes pulmonary edema (Amaral and Rodrigues, 2011; Durand, 2006; Durand and Wilson, 2006) ; a possible association between this gas and cancer was suggested by Attene-Ramos et al. (2006) . Sulfur dioxide is a colorless and pungently odorous irritant gas, capable of causing acute and chronic diseases, particularly of the respiratory system (Amaral and Rodrigues, 2011; Iwasawa et al., 2009) . Hydrogen chloride can cause damage to the respiratory tract and it can lead to erosion of teeth and skin rashes, while long term exposure to hydrogen fluoride can cause dental fluorosis in children and skeletal fluorosis in adults. Though HCl and HF have not been classified for carcinogenic effects, some researchers suspect that long term exposure to these gases may play a role in the incidence of some cancers due to their very aggressive and acid nature, which can promote oxidative stress, especially in cells of the respiratory system (Amaral and Rodrigues, 2011) . Radon is a radioactive gas, odorless and colorless that is known to easily accumulate indoor, mainly in basements and other lower floors, being its most important isotope 222 Rn. As a gas, radon is relatively harmless, but in contrast, radon decay results in solid particles that readily settle within the airways; these decay products emit alpha radiation that is capable of causing severe DNA damage by a direct hit on the DNA (Sethi et al., 2012) . Although the initial evidence supporting the association of radon and lung cancer came from studies involving mine workers (IARC, 1988) , research in recent years has focused on indoor radon exposure and its risk to the general population (Brooks et al., 1997; Field et al., 2001; Jostes, 1996; Turner et al., 2011) . The evidence available to date suggests that radon may be responsible for 3% to 15% of the lung cancer, making radon the second leading cause of lung cancer after tobacco smoke (Sethi et al., 2012) . Associated with volcanic gases and aerosols, quiescent volcanoes also release heavy metals like arsenic (As), cadmium (Cd), mercury (Hg), aluminum (Al), rubidium (Rb), lead (Pb), magnesium (Mg), copper (Cu) and zinc (Zn) (Durand et al., 2004) . Some of these heavy metals are well known to induce toxic effects when people are exposed to them, through either inhalation or ingestion (Amaral and Rodrigues, 2011) . For example, Pb is considered to be neurotoxic (Reddy et al., 2007) and Cd is well recognized as carcinogenic (Waalkes, 2003) to humans, while Rb has been found in high levels in malignant and benign thyroid nodules (Zaichick et al, 1995) . Human biomonitoring may be done using various cytogenetic tests that evaluate genotoxic effects by detecting DNA damage, such as sister chromatid exchanges and micronuclei (Hagmar et al., 1998; Holland et al., 2008) . Micronuclei in exfoliated buccal epithelial cells emerge during mitosis of the basal layers of the epithelium as extra chromosomal DNA particles, when chromosome fragments or whole chromosomes lag behind and fail to be included in the main nuclei of the daughter cells, as a result of a clastogenic or aneugenic events (Holland et al., 2008; Tolbert et al., 1992) . Micronuclei in epithelial cells reflect genotoxic events occurring in the dividing basal cell layer 1-3 weeks earlier of the putative target organ (Stich et al., 1983; Tolbert et al., 1991) , which allows for cytogenetic surveillance of groups at high risk of developing organ-specific cancer (e.g., upper aerodigestive tract) or oral premalignant lesions (Bloching et al., 2000; Mahimkar et al., 2010; Saran et al., 2008) . Chromosomal damage in epithelial cells also leads to nuclear anomalies other than micronuclei, such as karyorrhexis, karyolysis, pyknosis, condensed chromatin, broken eggs and binucleated cells (Holland et al., 2008; Thomas et al., 2009) . Karryohexis, karyolysis and pyknosis are associated with both cytotoxicity (necrosis and keratinization) and genotoxicity (apoptosis) accompanying the early stages of apoptosis (Tolbert et al., 1991 (Tolbert et al., , 1992 , and thus are also considered effective biomarkers for populations exposed to mutagenic and carcinogenic agents (Salama et al., 1999) . The micronucleus assay with exfoliated cells is emerging as a preferential method to measure that type of damage (Holland et al., 2008) , because it is considered a sensitive and non-invasive method for monitoring DNA damage in human populations (Bloching et al., 2000; Garcia et al., 2012; Majer et al., 2001) . Recently, such approaches have been frequently used in biomonitoring studies of occupational and environmental exposure to carcinogenic substances (e.g., Garcia et al., 2012; Hallare et al., 2009; Martínez-Valenzuela et al., 2009; Martins et al., 2009; Rozgaj et al., 2009 ), but to our knowledge no study has been done to assess the risk of DNA damage in individuals inhabiting volcanically active environments. Since previous studies in Furnas have showed that: (i) soil invertebrates and mice present high levels of trace metals, such as Cd and Zn (A. Amaral et al., 2006; ; and (ii) humans present high incidence of chronic bronchitis and some cancer types, especially of lip, oral cavity and pharynx, which may be related to volcanic emissions A.F.S. Amaral et al., 2006) , the present study was designed to evaluate whether chronic exposure to a volcanically active environment might result in DNA damage in human oral epithelial cells.
Materials and methods

Study population
The Azores archipelago comprises nine volcanic islands, located between 36°45′-39°43′N and 24°45′-31°17′W, where the Eurasian, American and African lithospheric plates meet (Searle, 1980) . On account of this complex tectonic setting, seismic and volcanic activities are frequent in the archipelago (Searle, 1980; Viveiros et al., 2008) . Within the island of São Miguel (Azores, Portugal) there are villages located at volcanically active environments, like Furnas, and others without historical records for active volcanism, like Stº António. The group exposed to the volcanically active environment consisted of 120 inhabitants (90 women and 30 men) from Furnas village (Table 1 ). This village is located inside the Furnas volcano caldera, where present-day volcanic activity is marked by several hydrothermal manifestations consisting of active fumarolic fields and hydrothermal vents (Booth et al., 1978; Cruz, 2003) and soil diffuse degassing areas with the always present "rotten egg" odor (Viveiros et al., 2008 (Viveiros et al., , 2009 , alcohol consumption, frequent use of mouthwash, performance of X-rays in the previous week, and general health status. Only individuals that resided for more than five years in each locality were considered for this study.
Micronuclei and other nuclear anomalies analysis in buccal epithelial cells
Exfoliated buccal epithelial cells were obtained from inside of both cheeks by gently scrubbing the mucosa with a sterile cytobrush and smeared onto pre-cleaned glass slides. After air-drying, cells were fixed in methanol for 20 min at 0°C, and the Feulgen method [modified from Tolbert et al. (1991 Tolbert et al. ( , 1992 ] was applied. Feulgen-stained slides were evaluated under a light microscope with a 1000-fold magnification, using immersion oil. For each individual, 1000 epithelial cells were analyzed for the frequency of cells with one or more micronuclei (MNC) and other nuclear anomalies (ONA). The following other nuclear anomalies were considered: karyolysis (nucleus depleted of DNA, in which a Feulgen-negative ghost-like image of the nucleus remains), pyknosis (nucleus is one-to two-thirds of a nucleus in normal differentiated cells), and karyorrhexis (nuclear disintegration associated with loss of nuclear membrane integrity). The scoring of MNC or ONA was done according to the criteria set by Thomas et al. (2009) .
Statistical analysis
The Mann-Whitney U test was used to compare the frequencies of MNC and of ONA between individuals inhabiting a volcanically active environment and individuals inhabiting a village without manifestations of active volcanism (exposed and reference groups, respectively). To estimate the association between chronic exposure to a volcanically active environment and frequency of MNC, relative risks (RRs) and 95% confidence intervals (95% CIs) were calculated using negative binomial regression models (Ceppi et al., 2010 (Ceppi et al., , 2011 , adjusting for age (≤45 vs. > 45 years), gender (male vs. female), smoking status (non-smoker vs. regular smoker), alcohol consumption (no vs. yes), and mouthwash use (no vs. yes). The same approach was applied for the ONA. All statistical analyses were performed using SPSS 15.0 for Windows (SPSS Inc., 2006) , and the level of statistical significance was set at P ≤ 0.05.
Results
The two study groups were comparable in terms of age, gender, smoking status, alcohol drinking, and mouthwash use (Table 1) .
Among regular smokers, none used smokeless tobacco. None of the participants had an X-ray in the week previous to the collection of exfoliated buccal epithelial cells.
MNC and ONA frequencies
The frequency (mean ± S.E.) of MNC per 1000 cells in the group exposed to the volcanically active environment was significantly higher than in the non-exposed group (4.3 ± 0.2‰ vs 1.7 ± 0.1‰, respectively; P b 0.001; Fig. 1A) . Similarly, the frequency (mean ± S.E.) of ONA per 1000 cells in the exposed group was also significantly higher in comparison to the non-exposed group (23.5 ± 1.7‰ vs 7.7 ± 0.3‰, respectively; P b 0.001; Fig. 1B ).
Association between exposure to a volcanically active environment and MNC or ONA frequencies
Exposure to the volcanically active environment was a significant predictor of the frequency of MNC and of the frequency of ONA, both in the univariate and multivariate analyses. After adjustment for age, gender, smoking status, alcohol consumption, and mouthwash use, a higher MNC frequency was found associated with exposure to the volcanically active environment (RR = 2.4; 95% CI, 1.8-3.3; P b 0.001) ( Table 2) . A higher ONA frequency was also found associated with exposure to the volcanically active environment (RR = 3.1; 95% CI, 2.3-4.1; P b 0.001) (Table 3) , after adjustment for covariates.
Discussion
Several cytogenetic endpoints have been extensively used for biomonitorization of human exposure to carcinogenic substances (Ceppi et al., 2010; Knudsen and Hansen, 2007) , being the increase in MNC considered predictive of elevated cancer risk (Bloching et al., 2000; Bonassi et al., 2007; Mahimkar et al., 2010; Saran et al., 2008) . According to Holland et al. (2008) , buccal epithelial cells represent a recognized target site for early genotoxic events induced by carcinogenic substances that enter the body via inhalation or ingestion. In volcanically active environments, humans are exposed to several volcanogenic hazardous elements mainly via inhalation. Among such hazardous elements, Rn and Cd are well recognized as carcinogenic to humans (Brooks et al., 1997; Field et al., 2001; Jostes, 1996; Waalkes, 2003) . Turner et al. (2011) , in a large-scale cohort study to analyze the association between residential radon and lung cancer mortality in North America, observed a 15% increase in lung cancer mortality for each 100 Bq m −3 increase in radon concentration and, participants with mean radon concentrations above the U.S. Environmental Protection Agency guideline value (148 Bq m
) experienced a 34% increase in risk for lung cancer mortality relative to those below the guideline value. According to Silva et al. (2007) the values for 222 Rn in the main soil diffuse degassing area in Furnas caldera are found to be mostly associated to CO 2 anomalous areas and high concentrations of this radioactive gas in inhabited houses were recorded within the Furnas caldera, where Rn concentrations were in average 6702 Bq m −3 , from a total of 175 measured points. In some cases the measured values reached 110 kBq m −3
, which is many times more than the reference level (200-400 Bq m −3 ) for indoor air in most countries; such high concentrations of indoor Rn make Furnas' inhabitants likely to be at a high risk of developing cancers, particularly of the respiratory tract. Therefore, it is highly possible that the higher risk of DNA damage in the buccal epithelia of Furnas' inhabitants is mainly associated with exposure to the high concentrations of residential Rn. In a recent review that analyzes the increased incidence of thyroid cancer in volcanic areas around the world, Duntas and Doumas (2009) refer the presence of Cd and radioactivity as factors potentially involved in thyroid tumorigenesis in volcanic regions. In Furnas village, Cd, Cu, Pb, Rb and Zn are usually present in volcanic emissions, and there seems to be evidence for a high bioavailability of these elements as shown by their concentrations in the scalp hair of its inhabitants (Amaral et al., 2008) . Though according to the International Agency for Research on Cancer SO 2 is not classifiable as to its carcinogenicity (IARC, 1992) , some studies have associated this gas with DNA damage. Meng et al. (2002 Meng et al. ( , 2005 have reported that inhaled SO 2 damaged the DNA of multiple organs of mice (in addition to the lung) and suggested that the damages could result in mutation, cancer, and other diseases related to DNA damage. Some studies have shown that occupational exposure to SO 2 increases DNA damage in peripheral blood lymphocytes of workers (Yadav and Kaushik, 1996) , and epidemiological evidence has linked SO 2 exposure with lung cancer (Lee et al., 2002; Pope et al., 1995) . In addition, and since the atmosphere in Furnas is too wet, the Furnas volcanic environment promotes the conversion of SO 2 to H 2 SO 4 , a gas that according to the International Agency for Research on Cancer (IARC, 1992) is considered to be carcinogenic to humans. Other volcanogenic elements, like Rb are suspected to be associated with malignant lesions of the thyroid nodules (Zaichick et al., 1995) , while H 2 S was shown to be associated to colorectal cancer (Attene-Ramos et al., 2006) . Summing up, when living in volcanically active environments, like Furnas village, humans are exposed to several hazardous elements that may be associated to the development of several cardiovascular, nervous and respiratory system diseases, and inclusive of cancers; however, to our knowledge no study has been done to assess the risk of DNA damage in individuals inhabiting volcanically active environments. The present study reports, for the first time, an association between exposure to the volcanically active environment and the frequency of MNC, with a 2.4-fold increase in the risk for Furnas' inhabitants. The frequency of MNC in the reference group (inhabitants of Santo António village) was lower than 2 per 1000 cells, which is within the normal range for human oral epithelia (0.5-2.5 MNC/1000) as reported by Ceppi et al. (2010) and Holland et al. (2008) . Similarly, a significant association between exposure to the volcanically active environment and the frequency of ONA (karyorrhexis, karyolysis, and pyknosis) was observed, with a 3-fold increase in the risk for Furnas' inhabitants. Our results support the hypothesis raised by A. suggested that the much higher rates of lip, oral cavity and pharynx cancers and breast cancer in Furnas inhabitants could be partially explained by the chronic exposure to environmental factors resulting from volcanic activity, such as, hazardous gases, trace metals and radon. Among the lifestyle and host confounding factors, smoking status, alcohol consumption, use of mouthwash, sex, age and gender have been associated with DNA damage in the literature, although many studies are contradictory or inconclusive in what concerns the establishment of statistically significant effects (Holland et al., 2008) . However, among such factors, tobacco and alcohol consumption are usually considered to be associated to genetic damage (Holland et al., 2008) . In the present study, none of the analyzed lifestyle and host confounding factors was significantly associated to the frequency of MNC or ONA. Though tobacco is known to contain various genotoxic chemicals (Pappas et al., 2006; Speit et al., 2003) , several authors have also found that the occurrence of MNC or ONA was not significantly associated to smoking status in individuals exposed to other potentially carcinogenic substances, such as fuel derivatives (Garcia et al., 2012; Hallare et al., 2009; Martins et al., 2009) or pesticides (Martínez-Valenzuela et al., 2009; Rozgaj et al., 2009 ). Alcohol is also described as a genotoxic substance (Maluf and Erdtmann, 2000) , but in this study, as well as in others (Garcia et al., 2012; Hallare et al., 2009; Martínez-Valenzuela et al., 2009 ) its consumption was not significantly associated with the increase in the frequency of MNC or ONA in the buccal epithelia.
In summary, our results show that there is a significant association between chronic exposure to volcanically active environments and the occurrence of DNA damage in human buccal epithelial cells of Furnas inhabitants, revealing that non-eruptive active volcanism is a risk factor of carcinogenesis. Therefore, biomonitoring for DNA damage (particularly micronuclei) is recommended for inhabitants of localities with active volcanism, such as Furnas' village. Moreover, in Furnas village the indoor gas hazard increases during extreme weather conditions, since inhabitants tend to close the doors and windows of their houses under such circumstances (Viveiros et al., 2009 ). Since our results evidence the carcinogenic potential of volcanogenic emissions, at least several mitigation measures should be taken into consideration, such as the restriction of building in certain localities and, the development and introduction of some construction techniques, like the installation of natural/forced ventilation systems and the use of an impermeable membrane in buildings located in degassing areas. 
